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Organic molecules have recently gained attention as novel sources of single photons. We present
a joint experiment–theory analysis of the temperature-dependent emission spectra, zero-phonon
linewidth, and second-order correlation function of light emitted from a single molecule. We ob-
serve spectra with a zero-phonon-line together with several additional sharp peaks, broad phonon
sidebands, and a strongly temperature dependent homogeneous broadening. Our model includes
both localised vibrational modes of the molecule and a thermal phonon bath, which we include
non-perturbatively, and is able capture all observed features. For resonant driving we measure
Rabi oscillations that become increasingly damped with temperature, which our model naturally
reproduces. Our results constitute an essential characterisation of the photon coherence of these
promising molecules, paving the way towards their use in future quantum information applications.
Deterministic sources of indistinguishable single pho-
tons are a key requirement for many quantum informa-
tion applications [1, 2]. In recent years single molecules
of dibenzoterrylene (DBT) have emerged as a promising
platform to develop such a source due to a range of de-
sirable properties such as high photostability, high quan-
tum yield [3], favourable absorption and emission wave-
lengths [4], a high branching ratio to the zero-phonon line
(ZPL) and wavelength tunability across their entire inho-
mogeneous distribution [5]. This last feature in particu-
lar is an advantage over other solid state emitters such as
quantum dots (QDs) and diamond colour centres [1, 6],
for which it can be difficult to identify two with suffi-
ciently similar emission characteristics on the same sam-
ple. DBT can exhibit a lifetime-limited ZPL at cryogenic
temperatures (≤ 4 K) [7] without any extensive measures
to control the local environment such as optical cavi-
ties, plasmonic structures or electrical gating. The most
promising environment to house DBT molecules is thin
nano-crystals of anthracene [6, 8, 9]. Here they replace
three anthracene molecules with little distortion caused
to the structure [11], and are bonded via van der Waal
interactions which helps to reduce environment-induced
dephasing [7].
With all solid state emitters it is essential that the tem-
perature dependence and nature of the phonon coupling
and associated decoherence effects are well characterised
and understood. In QDs, for example, the dominant
mechanism is coupling of excitons to a bath of longitudi-
nal acoustic phonons, which leads to a broad incoherent
sideband in the emission spectrum, as well as broadening
of the ZPL at temperatures above ∼ 10 K [5, 13, 14, 16–
18]. These in turn affect the efficiency and indistin-
guishability of a QD-based single photon source and must
be carefully taken into account when designing photonic
cavity structures or filtering systems which aim to max-
imise source figures of merit [14, 19].
In this work we present a detailed experimental interro-
gation of the optical properties of a DBT–anthracene sys-
tem, and develop a theoretical model which fully captures
all observed features, allowing us to uncover the under-
lying phonon coupling mechanisms. The temperature-
dependent spectra shown in Fig. 1(a-b) have a rich
structure, with a ZPL, several additional narrow lines,
and broad sidebands. We are able to associate these
with, respectively, direct photon emission, photon emis-
sion accompanied by one excitation of a localised vibra-
tional mode of the molecule, and simultaneous emission
of a photon and a phonon into the anthracene crystal.
Closer analysis reveals temperature dependent homoge-
neous broadening of the ZPL, which in our model arises
from anharmonicity captured by second order electron-
phonon coupling terms in our Hamiltonian. These find-
ings have implications for experimental efforts aimed at
designing photonic structures to enhance the efficiency
and purity of DBT emission [20–24]. Moreover, the DBT-
anthracene crystal is an exemplary open quantum system
in its own right, and could be used to test fundamental
non-equilibrium concepts such as non-Markovianity.
Our experiments were based on a DBT-doped nano-
crystal of anthracene, grown using a re-precipitation
technique [6]. This was placed in a closed-cycle cryostat
incorporated in a confocal microscope shown schemati-
cally in Fig. 1(c). A continuous wave laser was used to
excite the DBT molecule to a higher vibrational level of
the excited state S1,n>0. The molecule then rapidly re-
laxes to the purely electronic excited state S1,0 before
decaying to the ground state manifold S0,n. The emitted
fluorescence was collected by the confocal microscope and
dispersed by a grating onto a CCD camera to measure
the spectrum. The excitation laser was also tuned over
the S0,0 ↔ S1,0 ZPL transition for varying illumination
intensity while detecting red-shifted photons from the de-
cay of S1,0 → S0,n>0. By splitting this fluorescence on a
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FIG. 1. Single DBT molecule emission spectra taken at (a) 4.7 K and (b) 31 K. Black-dashed lines show the full theoretical
model and grey-solid lines show experimental data. The theoretical spectrum showing only the zero-phonon-line and local
vibrational mode peaks is shown in purple [c.f. Eq. 3], while the broad phonon sideband contribution is shown in orange
[Eq. 4]. The insets show the spectra on a linear scale. (c) Simplified schematic of the confocal microscope. Dark green is the
pump light, and red is the fluorescence. 90:10: 90% reflection, 10% transmission beam-splitter; Obj.: Objective lens; LPF:
long-pass filter; MMF 50:50: 50% reflection, 50% transmission multimode fiber beam splitter; APD: avalanche photodiode.
The nano-crystal sample (bottom right) consists of DBT (bottom left) embedded in anthracene. (d) Open quantum system
model of a single DBT molecule. The system (blue) contains a two level electronic system (TLS) coupled to a discrete set
of vibrational modes and an electromagnetic environment. The thermal phonon bath originates from the nano-crystal and is
coupled separately to both system elements. The arrows connected to the TLS represent a non-Markovian interaction including
feedback. The schematic energy level diagram shows the ground S0 and excited S1 electronic singlet states with energy splitting
EX , and local vibrational modes, all broadened by the thermal phonon environment.
beam-splitter and monitoring detection times on the two
outputs, we measured the second-order correlation func-
tion of the emitted light, allowing us to confirm we were
dealing with a single DBT molecule. These measure-
ments were then repeated for temperatures from 4.7 K
to 40 K. A more in-depth description of the experimental
methods can be found in the Supplementary Information.
Inspired by the spectra in Fig. 1(a-b) our model of a
DBT doped anthracene nano-crystal is shown schemati-
cally in Fig. 1(d). It consists of a two-level-system (TLS)
with ground and excited states |g〉 and |e〉 split by energy
EX, coupled to the electromagnetic (EM) field, harmonic
oscillators representing localised vibrational modes of the
molecule, and a thermal phonon bath of the anthracene
crystal. We treat the TLS and localised vibrational
modes within our system degrees of freedom, and thus
capture interactions amongst these to all orders. The
Hamiltonian of the complete system is
H = HS +HE +H
EM−TLS
I +H
PH−TLS
I +H
PH−LV
I , (1)
where HS = EXσ
†σ + ~
∑N
i=1[∆ia
†
iai + ηiσ
†σ(a†i + ai)],
with σ = |g〉〈e|. The N localised modes described by an-
nihilation (creation) operators ai (a
†
i ) and energy split-
tings ∆i are coupled to the TLS with strengths ηi. The
term HE = ~
∑
l νlc
†
l cl + ~
∑
k ωkb
†
kbk + ~
∑
q zqd
†
qdq,
contains contributions from harmonic baths describing
the EM environment with frequencies νl and annihilation
operators cl for mode l, and the thermal phonon baths
with frequencies ωk and zq and annihilation operators bk
and dq for wavevectors k and q.
The EM environment–TLS interaction term HEM−TLSI
gives rise to spontaneous emission, while HPH−TLSI =
HPHI,1 +H
PH
I,2 couples the thermal phonon bath to the TLS,
including terms linear, HPHI,1 = ~σ†σ
∑
k gk(b
†
k + bk), and
quadratic HPHI,2 = ~σ†σ
∑
kk′ fkk′(b
†
k + bk)(b
†
k′ + bk′) in
the phonon displacements, with coupling constants gk
and fkk′ respectively [2, 25]. The linear electron-phonon
interaction term describes a displacement of the phonon
potential well minima. The quadratic term is a conse-
quence of anharmonicity of the thermal phonon modes,
resulting in a change of phonon force constants (diagonal)
and Raman scattering processes (off-diagonal) [27]. As
we will see, the quadratic interaction is crucial for captur-
ing the temperature dependent homogeneous broadening
of the ZPL in the emission spectra [17] The final inter-
action term HPH−LVI couples the thermal phonon bath
to the localized vibrational modes. Full definitions are
given in the Supplementary Information.
We now develop a master equation using an exten-
sion to the polaron transform approach [3, 14, 29, 30],
in which we here perform two transformations which dis-
place both the thermal phonon bath and local vibrational
modes. The first transformation displaces bath phonons
dependent on the TLS state, bk → bk + σ†σgk/ωk. This
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FIG. 2. (a) Fraction of emission in the ZPL compared to the broad phonon sideband, not including the local vibrational modes.
The solid line shows the theory. The inset shows the calculated spectrum of the ZPL and sideband at temperatures where the
data was taken. (b) Squared-linewidths extracted from resonant laser scans for varying power at different temperatures. Lines
are fits to ∆ν2 = (Γ2/pi)
2(1 + S). (c) Experimental values of Γ2 found from the fits in (b), plotted together with prediction
from the theoretical model (solid line). The inset shows the calculated ZPL for temperatures at which the data was taken.
removes the linear TLS–phonon coupling term by mov-
ing into a basis which includes the distortion of the
anthracene lattice in response to the electronic excita-
tion. This dresses the TLS with phonon degrees of free-
dom, which when viewed in the original frame, accounts
for non-Markovianity between the TLS and the thermal
phonon bath. The second transformation acts on the
TLS and the localised modes, which similarly removes
the (linear) interaction terms, and dresses the TLS de-
grees of freedom with those of the local vibration modes.
We then derive a Born-Markov master equation in the
polaron frame [3, 14, 29, 31], with full details given in
the Supplementary Information. In a rotating frame and
in the Schro¨dinger picture, the master equation describ-
ing polaron-frame reduced density operator of the TLS
and the localised modes is
∂tρ(t) = Γ1Lσa [ρ(t)] + 2γ(T )Lσ†σ[ρ(t)]+ (2)∑
i
(
− i∆i[a†iai, ρ(t)] + Γi,+La† [ρ(t)] + Γi,−La[ρ(t)]
)
,
where LA[ρ(t)] = Aρ(t)A† − 12
{
A†A, ρ(t)
}
, Γi,+ =
κin(∆i) and Γi,− = κi(n(∆i) + 1) with n(∆) =
(e~∆/kBT − 1)−1. The first term in Eq. (2) originates
from the TLS-EM field interaction and describes spon-
taneous emission with rate Γ1 = 1/T1 where T1 is the
excited state lifetime. We note, however, that it con-
tains the dressed dipole operator σa = σ
∏
i Bi with
Bi = exp[ηi(a†i − ai)/∆i], and as such accounts for si-
multaneous emission of a photon and excitation of lo-
calised modes. The second term describes TLS pure-
dephasing with temperature dependent rate γ(T ) ∝∑
k,k′ |fk,k′ |2n(νk, T )(n(νk, T )+1) which is derived from
the quadratic TLS–phonon bath coupling term. The lo-
cal vibrational mode absorption and decay rates Γi,± de-
pend on κ, which is proportional to the local vibrational–
phonon bath spectral density. This is taken to be of
super-Ohmic form JPH−LV(∆) ∝ ∆3/ζ2e−∆/ζ , where ζ
is the thermal phonon bath cut-off [32].
The emission spectrum is given by S(ω) =
Re[
∫∞
0
dτg(1)(τ)e−iωτ ] where g(1)(τ) =∫∞
0
dt
〈
E(t+ τ)†E(t)
〉
is the first order correlation
function with E(t) the positive frequency component of
the electric field operator. Following Refs. [13, 14], we
solve the Heisenberg equations of motion in the polaron
frame to find E(t) = E0(t) +
√
Γ1/2piσa(t)B−(t),
where E0(t) is the free field contribution, assumed
to be in the vacuum. We note the second source
term contains both TLS and thermal phonon bath
degrees of freedom, seen through the appearances
of σa and the phonon bath displacement operator
B± = exp[±
∑
k gk(b
†
k − bk)/ωk]. We can make use of
the varying time scales of the phonon relaxation (∼ 1 ps)
and photon emission (∼ 1 ns) to factorise the correla-
tion function, finding g(1)(τ) ≈ (Γ1/2pi)g(1)0 (τ)G(τ)
where G(τ) = 〈B〉2 exp[φ(τ)], with φ(τ) =∫∞
0
dωJPH(ω)ω
−2(coth(~βω/2) cos(ωτ) − i sin(ωτ)) and
〈B〉 = exp[−φ(0)/2] [14]. The electron–phonon spectral
density introduced here is JPH(ω) =
∑
k g
2
kδ(ω − ωk),
while g
(1)
0 (τ) =
∫∞
0
dt
〈
σ†a(t+ τ)σa(t)
〉
. We find
the emission spectrum can therefore be written
S(ω) ∝ SZPL+LV(ω) + SSB(ω), where
SZPL+LV(ω) = 〈B〉2 Re
[ ∫ ∞
0
dτg
(1)
0 (τ)e
−iωτ
]
, (3)
describes peaks associated with the ZPL and localised
phonon modes, and
SSB(ω) = Re
[ ∫ ∞
0
dτg
(1)
0 (τ)(G(τ)− 〈B〉2)e−iωτ
]
. (4)
describes a broad phonon sideband complementing each
peak. A key advantage of working in the polaron
frame is that the correlation function g
(1)
0 (τ) can be
found using the (Markovian) quantum regression theo-
rem [33, 34], while non-Markovian interactions necessary
to capture phonon sidebands are naturally captured by
the phonon bath correlation function G(τ) in Eq. (4).
Furthermore, by writing the spectrum in this way we
can immediately see that the Debye–Waller factor (frac-
tion of light not emitted into sidebands) is given by∫
SZPL+LV(ω)dω/
∫
S(ω)dω = 〈B〉2.
Predictions of our model are shown by the black
dashed curves in Fig. 1(a-b). The sharp peak at zero
4detuning corresponds to the ZPL at 782.32 nm, while
the other prominent peaks arise from local vibrations
of the DBT molecule excited during the photon emis-
sion process [7, 27]. We find that it is necessary to
include N = 4 separate DBT vibrational modes to re-
produce these features in the spectra. For our model
we fit the mode energies ∆i and coupling constants ηi
for each temperature and take the averages, resulting in
~∆1 = (21.55 ± 0.01) meV, ~∆2 = (28.60 ± 0.01) meV,
~∆3 = (31.10±0.02) meV and ~∆4 = (36.31±0.01) meV,
while ~η1 = (6.98±0.22) meV, ~η2 = (6.45±0.16) meV,
~η3 = (5.73 ± 0.09) meV, and ~η4 = (9.30 ± 0.14) meV.
To achieve good fits we find it is necessary to include only
the ground and first excited state for each vibrational
mode in our calculations, meaning that higher vibronic
transitions contribute little to the observed spectra.
The purple curves in Fig. 1(a-b) show the calculated
spectra including only the ZPL and local vibrational
mode peaks using Eq. (3), while the orange curves show
the phonon sideband contribution given in Eq. (4). The
shape of the sideband depends on the functional form of
the spectral density JPH(ω) which characterises the fre-
quency spectrum of the electron–phonon coupling. We
use the super Ohmic form JPH(ω) = αω
3 exp
[−ω2/ξ2],
with fitting parameters α, which captures the overall cou-
pling strength, and ξ which provides a high-frequency
cut-off to reflect the suppression of coupling to phonons
whose wavelength is much smaller than the size of the
DBT molecule. This form is similar to that used to cap-
ture excitation-induced dephasing and phonon sidebands
in semiconductor QDs, and can be derived by approxi-
mating the electronic ground and excited states as Gaus-
sian wavefunctions [3, 5, 13, 14, 16, 29].
The fraction of the emission which goes into the
ZPL and local vibrational mode peaks is given by the
Debye–Waller factor, which in our theory is equal to
the square of the average phonon bath displacement
〈B〉2 = exp[− ∫∞
0
JPH(ω)ω
−2 coth(βω/2)dω]. This is
plotted as a function of temperature in Fig. 2(a), together
with the corresponding experimentally extracted values.
We see that for this molecule we have a maximum ZPL
fraction of 72%. This is lower than expected for DBT and
could partially account for the reduction in coupling ob-
served recently for single molecules in open-access micro-
cavities compared to their predictions [20, 24]. However,
the observed fraction could also be due to the close prox-
imity of surfaces in the nano-crystal host used in these
experiments, and further tests with co-sublimation grown
crystals [8] may yield a different result.
Broadening of the emission lines in the spectra is
captured by the dissipators in Eq. (2). Of particu-
lar interest is the homogeneous broadening of the ZPL
with temperature. In our model this broadening follows
Γ2(T ) = Γ1/2 + γ(T ), where γ(T ) is a phonon-induced
pure dephasing rate. To investigate this broadening in
a way that is not affected by the resolution of the spec-
trometer, we compare our model to measured resonant
line scans of the ZPL for varying excitation power. The
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FIG. 3. Measured g(2)(τ) taken from the DBT molecule at
(a) 4.7 K and (b) 31 K. Black shows the experimental data.
Red solid lines show the theoretical model convolved with a
Gaussian function to account for the detector timing jitter
and purple dashed lines show the model without convolution.
results at various temperatures are shown in Fig. 2(b).
The width of the measured Lorentzian lines can be ex-
pressed as ∆ν = Γ2/pi
√
1 + S with saturation parame-
ter S, allowing us to find Γ2 by extrapolating the width
to zero power, S → 0 [7]. The extracted Γ2(T ) are
shown in Fig. 2(c), together with the theoretical pre-
diction. The broadening originates from mixing between
vibronic states induced by anharmonic effects. This re-
quires the participation of two phonons from the residual
bath, and as such necessitates the inclusion of quadratic
terms in our Hamiltonian to be captured. Furthermore,
the phonon absorption process results in a strong temper-
ature dependence which our model accurately predicts.
To further demonstrate the versatility of our model, we
now investigate the time-domain dynamics of the DBT
molecule by measuring the second-order intensity corre-
lation function under continuously driven resonant exci-
tation conditions. To do so we introduce an additional
driving term HDR =
Ω
2 (σ + σ
†) to the system Hamilto-
nian HS defined in Eq. (1), with Rabi frequency Ω. This
results in a slightly modified master equation, the details
of which are given in the Supplementary Information.
The normalised intensity correlation function is then
g(2)(τ) =
〈
E†E†(τ)E(τ)E
〉
ss
/
〈
E†E
〉2
ss
, where averages
are calculated in the steady-state, and τ is the time de-
lay between detection events [7]. The calculated g(2)(τ)
and experimental data are shown in Fig. 3, for tempera-
tures of 4.7 K in (a) and 31 K in (b). This measurement
probes the excited state population of the molecule con-
ditioned on being in the ground state at τ = 0. The dip
at τ = 0 reflects the strong suppression of multi-photon
emission events and is characteristic of a single photon
source. At T = 4.7 K Rabi oscillations can be seen, which
represent the coherent exchange of excitations from the
driving laser to the system. For our calculations we take
the molecular parameters extracted from the experimen-
tally measured spectra, with the Rabi frequency Ω as
the only additional fitting parameter. Interestingly, the
bare Rabi frequency Ω that gives the best fit is not the
observed Rabi frequency of the oscillations in Fig. 3(a).
Instead a value of Ωr = Ω 〈B〉
∏
i 〈Bi〉 is observed, which
5accounts for renormalisation of the bare Rabi frequency
arising from phonon coupling [4]. At higher temperatures
phonon interactions increasingly damp these oscillations,
as is the case in Fig. 3(b).
We have presented a joint experiment–theory analy-
sis that comprehensively describes the emission proper-
ties of a single DBT molecule encased in an anthracene
nano-crystal. The model captures key spectral proper-
ties such as the sharp zero-phonon-line, four peaks asso-
ciated with local vibrational modes of the molecule, and
broad phonon sidebands. We also observed a temper-
ature dependent homogeneous broadening of the ZPL,
which in our model arises when we include anharmonic
effects by taking the electron-phonon interaction to sec-
ond order in the Hamiltonian. These findings have im-
portant consequences for the use of molecules as single
photon sources in quantum information applications, as
the indistinguishability of emitted photons is strongly af-
fected by the various phonon related features that we
identify. Our model constitutes a natural starting point
for future work investigating effects associated with the
coupling of molecules to photonic structures in the form
of optical waveguides [21–23] and cavities [20, 24, 36].
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Near the completion of this work we became aware
of a similar theoretical study investigating the optics of
molecular systems encased in crystals [37].
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1Supplementary Information: Phonon-induced optical dephasing in single organic
molecules
In this supplement we detail theoretical and experimental information to support the main text.
ELECTRON–PHONON INTERACTION
We begin by defining the electron–phonon interaction Hamiltonian as
Hep =
∫
d3rρ(r)Vep(r), (S1)
where ρ(r) is the electronic charge density of the lattice and Vep(r) is the electron–phonon potential. We expand this
potential in powers of small ion displacements Qi from the equilibrium position R
(0)
i where Ri = R
(0)
i +Qi such that
Vep(r) = −
∑
i
Qi · ∇Vei(r−R(0)i ) +
1
2
∑
i
Qi · ∇∇Vei(r−R(0)i ) ·Qi +O(Q3),
≈ V (1)ep (r) + V (2)p (r),
(S2)
where Vei(r −Ri(0)) is the electron–ion potential. The displacements Qi can be represented in second quantisation
as
Qi = i
∑
k
( 1
2NMωk
)1/2
eik·R
(0)
i (bk + b
†
k)ξˆk, (S3)
where bk (b
†
k) is the phonon annihilation (creation) operator of mode k with frequency ωk and polarisation ξˆk [S1].
Substituting Qi into Vep(r) and again into equation (S1) we find the electron–phonon interaction Hamiltonian up to
second order [S2, S3]
H(1)ep =
∑
k
ρ(k)M (1)(k)(bk + b
†
−k), (S4)
H(2)ep =
1
2
∑
k,k′
ρ(k+ k′)M (2)(k,k′)(bk + b
†
−k)(bk′ + b
†
−k′), (S5)
with the first and second order matrix elements
M (1)(k) = −
( 1
2NMωk
)1/2
ξˆk · kVei(k), (S6)
M (2)(k,k′) =
1
4NM
√
ωkωk′
ξˆk · (k+ k′) · (k+ k′) · ξˆk′Vei(k+ k′). (S7)
To calculate dephasing rates in our subsequent master equation we require an analytical form for the linear and
quadratic form of the matrix elements. By inserting a resolution of identity and we can re-write the linear and
quadratic interaction Hamiltonian as
Hep = |e〉〈e|
∑
k
gk(bk + b
†
−k) +
1
2
|e〉〈e|
∑
k,k′
fk,k′(bk + b
†
−k)(bk′ + b
†
−k′) (S8)
with the electron–phonon coupling strengths gk = 〈e|M (1)(k)ρ(k)|e〉 and fk,k′ = 12 〈e|M (2)(k,k′)ρ(k+ k′)|e〉. The
off diagonal matrix elements 〈e|. . .|g〉 , 〈g|. . .|e〉 are neglected as phonon energies are not sufficient to drive transitions
between the ground and excited state. We have in addition set the ground state matrix element to zero. Substituting
the electron density in reciprocal space, ρ(q) =
∫
d3r
∑
λ,η c
†
λcηψ
†
λ(r)ψη(r)e
iq·r where λ, η = {e, g}, into the linear
and quadratic coupling strengths we find
gk =
∑
η,λ
∫
d3rψ†η(r)ψλ(r)e
ik·r 〈e|M (1)(k)c†ηcλ|e〉 , (S9)
2fk,k′ =
1
2
∑
η,λ
∫
d3rψ†η(r)ψλ(r)e
i(k+k′)·r 〈e|M (2)(k,k′)c†ηcλ|e〉 . (S10)
Substituting in the equation for M (1)(k) and M((2)(k,k′) and asuming the electron–ion potential is equal to a constant
deformation potential such that, Vei(k)→ Dα with α = {e, g} we find
gk =
( k2
2NMωk
)1/2∑
α
Dα
∫
d3r|ψα(r)|2eik·r, (S11)
fk,k′ =
1
4NM
√
ωkωk′
(k′ + k cos θkk′)(k + k′ cos θkk′)
∑
α
Dα
∫
d3r|ψα(r)|2ei(k+k′)·r, (S12)
where θkk′ is the angle between k and k
′ wave vectors.
MASTER EQUATION
To calculate the emission spectra, we initialise the system in its excited state, and use a Born-Markov master
equation in the polaron frame to calculate the subsequent dynamics. To calculate the intensity correlation function
the master equation is derived using the same methodology, though now including a driving term. Here we present
the latter derivation applicable to the driven case, and the non-driven case can be reproduced by setting the Rabi
frequency Ω and the laser frequency ωd to zero.
The Hamiltonian describing the laser driven molecule is HD = HS,D +HE +H
EM
I +H
PH−TLS
I +H
PH−LV
I , where we
have moved into a rotating frame with respect to the driving laser frequency ωd. The system Hamiltonian including
driving is HS,D = (EX−ωd)σ†σ+ ~Ω2 (σ+σ†) +~
∑
i[∆ia
†
iai+ηiσ
†σ(a†i +ai)], where the terms are all consistent with
those that are defined in the main text. The other term differing to the non-driven Hamiltonian is the electromagnetic
(EM)–TLS interaction which picks up a phase in the rotating frame HEMI = ~
∑
l pl(e
−i~ωdtσc†l + e
+i~ωdtσ†cl). The
remaining term independent of driving is the phonon bath–local vibrational interaction HPH−LVI = ~
∑
i,q(hi,qaid
†
q +
h.c.). The final terms HE and H
PH−LV
I are fully specified in the main text.
We now perform two polaron transformations on this driven Hamiltonian. The first of these is defined through
HP1 = UP1HU
†
P1 where UP1 = |g〉 〈g|+ |e〉 〈e|B+ with the bath displacement operator B± = exp[±
∑
k
gk
ωk
(b†k − bk)].
The second transformation is defined through HP2 = UP2HPU
†
P2 where UP2 = |g〉 〈g| + |e〉 〈e|
∏
i Bi with Bi =
exp[ ηi∆i (a
†
i − ai)]. After transforming the Hamiltonian into the polaron frame we find HP,D = H0 +HI, where H0 =
HS,D,P +HE and HI = H
DR
I +H
EM
P,I +H
PH
I,2 +H
PH−LV
P,I , with the system term HS,D,P = δPσ
†σ+ Ω2 〈B〉X+~
∑
i ∆ia
†
iai.
The transformed interaction terms take the form
HDRI =
~Ω
2
(XBx + Y By), (S13)
HEMP,I = ~
∑
l
ple
−i~ωdtσaB−c
†
l + h.c., (S14)
HPH−LVP,I = ~
∑
i,q
(a†i −
ηi
∆i
σ†σ)hiqdq + h.c., (S15)
where HPHI,2 is defined in the main text. The system operators above are X = (σa +σ
†
a), Y = i(σa−σ†a), with dressed
dipole operator σa = σ
∏
i Bi, and bath operators Bx = 12 (B+ + B− − 2 〈B〉) and By = i2 (B+ − B−). We consider
the case of resonant driving such that δP = EP− ~ωd = 0, where EP = EX− ~(
∑
i η
2
i /∆i +
∑
k g
2
k/ωk) is the polaron
shifted TLS energy splitting.
We now derive the second order Born-Markov master equation for the polaron frame reduced density operator in
the Schro¨odinger picture ρ(t), which begins from the general form
∂tρ(t) = − i~ [HS,D,P, ρ(t)]−
1
~2
∫ ∞
0
dτ TrE
(
[HI, [H˜I(−τ), ρ(t)⊗ ρE]]
)
, (S16)
where H˜I(−τ) = exp[−iH0τ/~]HIexp[iH0τ/~] is the interaction picture interaction Hamiltonian. The polaron trans-
formed driven Hamiltonian has four interaction terms. We assume that there are no correlations between the phonon
and EM environments, and that fluctuations experienced by each of the local vibrational modes are uncorrelated.
With these assumptions cross terms between interaction terms vanish and we can evaluate separately four dissipators
corresponding to each of the four interactions terms in the Hamiltonian.
3Driving dissipator
We begin with the dissipator arising from the driving-induced interaction Hamiltonian HDRI =
Ω
2X⊗Bx+ Ω2 Y ⊗By.
Moving into the interaction picture for the system operators by using a Fourier decomposition we have X(−τ) =∑
ξ e
iξτX(ξ) and Y (−τ) = ∑ξ eiξτY (ξ). The environment operators in the interaction picture are B˜x(−τ) =
e−iHEτ/~BxeiHEτ/~ and similarly for B˜y(−τ). We define the environment correlation functions as
Cij(τ) = TrE(B˜i(τ)BjρE(0)), (S17)
and substituting in the relevant operators we find the correlation functions Cxx(τ) =
〈B〉2
2 (e
φ(τ) + e−φ(τ) − 2),
Cyy(τ) =
〈B〉2
2 (e
φ(τ) − e−φ(τ)) and Cxy(τ) = Cyx(τ) = 0. We then defining the general environment response
functions as
Kij(ξ) =
∫ ∞
0
dτCij(τ)e
iξτ =
1
2
γij(ξ) + iSij(ξ). (S18)
Substituting the system operators along with the response functions Kxx(ξ) and Kyy(ξ) into the Eq. (S16) we find
∂tρS(t) = − i~ [H
LS
S , ρS(t)]−
1
2
(Ω
2
)2∑
ξ
γxx(ξ)[X,X(ξ)ρS(t)− ρS(t)X†(ξ)]
− 1
2
(Ω
2
)2∑
ξ
γyy(ξ)[Y , Y (ξ)ρS(t)− ρS(t)Y †(ξ)] +Dx3[ρS(t)]
= − i
~
[HLSS , ρS(t)] +DDR[ρS(t)] +Dx3[ρS(t)]
(S19)
where DDR[ρ˜(t)] is the driving dissipator and we have introduced HLSS = HS,D,P + HLS which includes a Lamb
shift originating from the imaginary component of the response function. The final term DX3[ρS(t)] represents the
remaining three dissipator terms.
Thermal phonon bath dissipator
To evaluate the dissipator arising from coupling to the thermal phonon bath, we write Eq. (S16) instead in the
interaction picture:
∂tρ˜S(t) = − 1~2
∫ ∞
0
dτ TrE
(
[H˜I(t), [H˜I(t− τ), ρ˜S(t)ρE]]
)
, (S20)
where ρ˜S(t) = e
iHS,D,Pt/~ρS(t)e−iHS,D,Pt/~. Working in the interaction picture allows the secular approximation
to be made which simplifies the algebra. Transforming HPH−LVP,I into the interaction picture we need to find
H˜PH−LVP,I (−τ) = U0(−τ)†HPH−LVP,I U0(−τ) where U0(−τ) = ei(HS,P,D+HE)τ/~. To proceed we make the approximation
e−(
Ω〈B〉
2 X+
∑
i ∆ia
†
iai)τaje
i(
iΩ〈B〉
2 X+
∑
i ∆ia
†
iai)τ ≈ aje−i∆jτ , which is valid as ~Ω 〈B〉 (∼ 1µeV) ~∆i(20− 40 meV) for
a typical single molecule emitter and using the assumption that local vibrational mode fluctuations are uncorrelated.
This leads to the an interaction Hamiltonian which does not depend on the driving:
H˜PH−LVI,P (t) =
∑
i
(aie
−i∆iτ − ηi
∆i
σ†σ)
∑
q
hiqd
†
qe
izqt + h.c. (S21)
Now, by writing H˜PH−LVI,P (t) =
∑
j=1,2 A˜j(t)B˜j(t) where B˜1(t) =
∑
q hqdqe
−izqt and B˜2(t) = B˜
†
1(t), we calculate
correlation functions according to Eq. (S17), finding
C12(±τ) =
∫ ∞
0
dνJPH−LV(ν)n(ν)e±iντ , (S22)
C21(±τ) =
∫ ∞
0
dνJPH−LV(ν)(n(ν) + 1)e±iντ , (S23)
4where we have introduced the local vibrational mode–phonon bath spectral density JPH−LV(ν) =
∑
q |pq|2δ(zq − ν)
and the Bose occupancy number n(ν) = (e~ν/kBT − 1)−1. Inserting (S21) and the phonon correlation functions into
the interaction picture master equation (S20) we find
∂tρ˜S(t) = −
∑
i
∫ ∞
0
dτ
(
C12(τ)[ai, a
†
i ρ˜S(t)]e
−i∆iτ + C21(−τ)[a†i , aiρ˜S(t)]ei∆iτ
+
( ηi
∆i
)2(
C12(τ) + C21(−τ)
)
[σ†σ, σ†σρ˜S(t)] + h.c.
) (S24)
where the secular (rotating wave) approximation has been made. Performing the time integrals and neglecting
Lambshift terms that we absorb into our definitions (see Eq. S18) we find
γ12(∆i)
2
= Re[
∫ ∞
0
dτD12(τ)e
−i∆iτ ] = piJPH−LV(∆i)n(∆i), (S25)
γ21(∆i)
2
= piJPH−LV(∆i)(n(∆i) + 1). (S26)
When substituting in the super-Ohmic form JPH−LV(∆i) ∝ ∆
3
i
ξ2 e
−∆i/ξ, the final response function γTLS(0)2 =
Re[
(
ηi
∆i
)2 ∫∞
0
dτ
(
D12(τ) + D21(−τ)
)
] is found to be γTLS(0)2 =
(
ηi
∆i
)2
pi lim→0 JPH−LV() coth
(
β
2
)
= 0. Substi-
tuting these rates back in to equation (S24) and transforming back into the Schro¨dinger picture, the master equation
becomes
∂tρS(t) = −i[HLSS , ρS(t)] +DPH[ρS(t)] +DDR[ρS(t)] +Dx2[ρS(t)], (S27)
where DPH[ρS(t)] =
∑
i
(
Γi,+La† [ρ(t)]+Γi,−La[ρ(t)]
)
with Lindblad operator LA(ρ(t)) = AρS(t)A†− 12
{
A†A, ρS(t)
}
,
and Γi,+ = κin(∆i) and Γi,− = κi(n(∆i)+1) with κi = piJPH−LV(∆i). The remaining two dissipators are represented
by the term Dx2[ρS(t)].
Spontaneous emission dissipator
To find the TLS–EM field dissipator the master equation is evaluated in the Schro¨dinger picture, see Eq. (S16).
We first find the interaction picture interaction Hamiltonian H˜EMP,I (−τ) = U0(−τ)†HEMP,I U0(−τ), which we write
H˜EMP,I (−τ) = σa(−τ)e−iωdtB−(−τ)C†(−τ) + h.c., (S28)
where B±(−τ) = e±
∑
k
gk
ωk
(b†ke
−iωkτ−bkeiωkτ ) and C(−τ) = ~∑l plcleiωlτ . For the system operators in the interaction
picture we have
σa(−τ)e−iωdt = e−i(
Ω〈B〉
2 X+
∑
i ∆ia
†
iai)τσae
i(
iΩ〈B〉
2 X+
∑
i ∆ia
†
iai)τe−iωdt,
≈ σe−
∑
i
ηi
∆i
(a†i e
−i∆τ−aiei∆iτ )e−iEPt,
(S29)
where we have again used the large difference in energy scales EP ∼ ωd ∼ 1.5 eV compared to Ω 〈B〉 ≈ 10 meV.
Similarly to the phonon dissipator, with this approximation this is equivalent to the non-driven electromagnetic
dissipator detailed in the main text.
From Eq. (S28), we see the correlation functions for this dissipator have contributions from both the electromagnetic
and thermal phonon environments. The electromagnetic environment correlation function is TrE(CC
†(−τ)ρE) =∫∞
0
dωJEM(ω)e
iωτ = χ(ω), where JEM(ω) is the electromagnetic spectral density. The phonon correlation func-
tion shown in the main text is G(τ) = eφ(τ) 〈B〉2. To evaluate the response functions, we write σa(−τ) =
σe−iEPτA(− η∆ ,−τ) where, A(− η∆ ,−τ) = e−
η
∆ (a
†e−i∆τ−aei∆τ ) is the time evolved displacement operator. Express-
ing this time evolved operator in terms of system Hamiltonian unitary operator US(−τ) = ei
∑
i ∆ia
†
iaiτ , we find
A(− η∆ ,−τ) = US(−τ)A(− η∆ )U†S(−τ) =
∑
n,m 〈n| A(− η∆ ) |m〉 |n〉 〈m| e−i∆(m−n)τ . The operator σa(−τ) can therefore
be expressed as
σa(−τ) = σ
∑
n,m
An,m(− η
∆
)e−i(EP+~∆(m−n))τ/~, (S30)
5where An,m(± η∆ ) =
∑
n,m 〈n| A(± η∆ ) |m〉 |n〉 〈m| are the matrix elements of the system displacement operator.
The spontaneous emission rate is the real part of the response function, which we find to be
γ(n,m)
2
= Re
[ ∫ ∞
0
dτG(0)χ(τ)e−in,mτ/~
]
,
= Re
[ ∫ ∞
0
dω
∫ ∞
0
dτJEM(ω)e
i
(
~ω−n,m)
)
τ/~
]
= piJEM(n,m).
(S31)
where n,m = EP + ~∆(m − n). The spectral density is approximated to be flat over the relevant frequency scales
with respect to the molecule emitter, such that G(τ)→ G(0) and JEM(n,m) ≈ Γ1/pi [S4]. Inserting H˜EMP,I (−τ), HEMP,I
and substituting the emission rate in to the master equation (S16) we then find
∂tρS(t) = − i~ [H
LS
S , ρS(t)] + Γ1Lσa [ρ(t)] +DPH [ρS(t)] +DDR[ρS(t)] +DPD[ρS(t)], (S32)
where DPD[ρS(t)] is the pure dephasing is the final dissipator.
Pure dephasing dissipator
The pure dephasing dissipator originates from the quadratic electron–phonon interaction term. In the interaction
picture we have H˜PHI,2 (−τ) = U0(−τ)†HPHI,2 U0(−τ) giving
H˜PHI,2 (−τ) = σ†σ
∑
kk′
fkk′Bk(−τ)Bk′(−τ), (S33)
where Bk(−τ) = (b†ke−i~ωkτ + bkei~ωkτ ). Inserting HPHI,2 and H˜PHI,2 (−τ) into Eq. (S16) we find the dissipator takes the
form
DPD[ρS(t)] = 2γLσ†σ[ρ(t)], (S34)
where the pure dephasing rate is
γ = Re
[ ∫ t
0
dτ
∑
kk′
|fkk′ |2 〈BkBk(−τ)〉 〈Bk′Bk′(−τ)〉
]
. (S35)
The factorisation of the correlation function above has been made based on the assumption that phonons do not
scatter into the same mode i.e. k 6= k′ [S5]. To evaluate the environment correlation functions we move in to the
continuum limit
∑
kk′ → V
2
(2pi)6
∫∞
0
d3k
∫∞
0
d3k′ which gives
γ =
V 2
(2pi)6
∫ ∞
0
d3k
∫ ∞
0
d3k′|fkk′ |2
(
n(ωk)(n(ωk′) + 1)δ(ωk − ω′k) + (n(ωk) + 1)n(ωk′)δ(ωk′ − ωk). (S36)
Where we have used the definition δ(x − a) = 1pi Re
[ ∫∞
0
dτei(x−a)τ
]
and assumed linear dispersion ωk = c|k| where
|k| = k and c is the speed of sound in the nano-crystal. Using the delta functions leads to non-zero values of the
integral for the case k = k′. The coupling constant |fkk′ |2 therefore only needs to be evaluated for k = k′. Substituting
in an isotropic Gaussian function ψα(r) = (dα
√
pi)−3/2e−r
2/2d2α where dα is the confinement potential for the ground
and excited states which is assumed to be equal, such that dα → d We then find
|fkk′ |2 =
( k
4NMc
)2
(1 + cos θ)4
∑
α
D2αe
−k2(1+cos θ)d2 , (S37)
where we have written k · k′ = kk′ cos θ. Substituting this quadratic coupling constant and converting variables from
wavevector magnitude into frequency, as well as defining the phonon cut off frequency ωc =
√
2c/d, we find the pure
dephasing rate
γ =
V 2
128pi3(NM)2c8
∫ ∞
0
dωω6n(ω)(n(ω) + 1)
∑
α
D2α
∫ pi
0
dθ sin(θ)(1 + cos(θ))4e−2ω
2(1+cos(θ))/ω2c . (S38)
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FIG. S1. Schematic diagram of the confocal microscope. Dark green beam indicates the pump light, red is the fluorescence and
grey is the white light used for imaging. Pol: polarizer; BPF: band-pass filter; HWP: half-wave plate; 90:10: 90% reflection,
10% transmission cube beam splitter; PM: power meter; FMM: flip-mount mirror; L1: first lens; L2: second lens; 50:50: 50%
reflection, 50% transmission pellicle beam splitter Obj.: microscope objective lens; CCD: charge-coupled device camera; LPF:
long-pass filter; MMF 50:50: 50% reflection, 50% transmission multimode fibre beam splitter; APD: avalanche photodiode.
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FIG. S2. Detected red-shifted fluorescence as a narrow laser is tuned across the ZPL of a single DBT molecule for varying
illumination intensity at a temperature of (a) 4.7 K, (b) 10 K, (c) 20 K, (d) 31 K, and (e) 40 K. All show power broadening and
saturation.
EXPERIMENTAL DETAILS
A DBT containing anthracene nanocrystal solution was grown using a recently developed re-precipitation technique
[S6]. 5µMol of 1µl DBT in toluene (VWR) solution was added to 10 ml of 5 mMol zone-refined anthracene (Tokyo
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FIG. S3. Low-power resonant line scans of the ZPL of a single molecule for increasing temperature, showing the temperature-
induced broadening of the ZPL. All data is normalised to the peak, and the data for varying temperature has been offset for
clarity. Dashed black lines are Lorentzian fits to the data.
Chemical Industry UK) in acetone (VWR) solution. 250µl of this mixed solution was then added to 5 ml of distilled
water and sonicated at 37 kHz for 30 minutes. This solution was filtered through a 450 nm pore size syringe filter
(Sartorius Minisart) and a 25µl drop was then pipetted onto a pre-prepared substrate and left to dry through
evaporation. The substrate was a silica-on-silicon wafer that had a 150 nm layer of gold deposited on the surface to
increase collected emission, with a 220 nm TiO2 spacer layer to protect against plasmonic losses. A protective 150 nm
poly-vinyl alcohol (99 %+ hydrolyzed, Aldrich) polymer layer was then spin-coated on top and the sample was cooled
down to 4.7 K in a closed-cycle cryostat (Montana Cryostation).
We used a confocal microscope, shown in Fig. S1, to identify a spatially and spectrally isolated molecule. The
same single molecule was used to take all of the data presented here and in the main manuscript. Excitation was
performed using a Ti:Sapphire laser (MSquared SolsTIS). The zero-phonon-line wavelength of 782.32 nm was found
by scanning the laser wavelength across the transition and recording the red-shifted fluorescence reaching our APD,
whilst rejecting the laser and resonant emission light using an 800 nm long-pass filter. A Lorentzian line profile was
also fitted to this data to determine the linewidth. This process was carried out with increasing illumination power
to measure power broadening and saturation [S7]. Scans at various temperatures for increasing illumination intensity
are shown in Fig. S2. In all cases there is clear power broadening of the linewidth. Low power line scans for the five
temperatures investigated are shown in Fig. S3, with fitted Lorentzian lines.
The second-order correlation function of the emitted light g(2)(τ) was measured by exciting resonantly and mea-
suring coincidences between red-shifted photons sent to a Hanbury Brown-Twiss interferometer, using two silicon
avalanche photodiode (APD) single photon detectors and a timing unit (Picoquant Hydraharp). This allowed us to
verify a single molecule was being measured.
The spectrum was measured by tuning the laser to 764 nm and driving the molecule to an excited vibrational
level of the excited electronic state. The molecule then undergoes a fast non-radiative decay process to the ground
vibrational level of the excited electronic state, from which it decays emitting a photon. The collected light was
filtered with a 780 nm long-pass filter to remove the residual pump laser. The remaining fluorescence, both resonant
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FIG. S4. Second-order correlation function g(2)(τ) measurement of light emitted by a DBT molecule pumped to a higher
vibrational level of the excited state with 764 nm light at temperatures of (a) 4.7 K, (b) 10 K, (c) 20 K, (d) 31 K, and (e) 40 K.
Black lines are the data, blue solid lines a fit including convolution with the finite detector timing jitter, and gray dashed lines
the deconvolved case. In all plots g(2)(0) < 0.5, showing we are collecting light from a single molecule.
8and red-shifted, was sent to our spectrometer (Andor Shamrock 303i) where it was dispersed by a grating and detected
on an EMCCD (Andor Newton). A reference spectrum for background subtraction was taken by spatially moving the
beam away from the molecule and repeating the process. This series of measurements was repeated across a range
of temperatures between 4.7 K and 40 K. Again, to ensure the signal was only originating from a single molecule we
measured the second-order correlation function g(2)(τ) of the light, this time generated via non-resonant excitation
for each temperature. The results are shown in Fig. S4, and confirmed that for all temperatures that g(2)(0) < 0.5.
Fits to the data are of the form [S7]
g(2)(τ) = 1− V e−(1+S)Γ1|τ | , (S39)
where S is the saturation parameter and V is a visibility term accounting for background from the laser or other
molecules.
Additionally, a pulsed Ti:Sapphire laser (Spectra Physics Tsunami) was used to resonantly excite the molecule and
measure its excited state lifetime, and therefore Γ1, by monitoring the time difference between the laser pulse and
the detection of a photon. Using this method we find a lifetime of 4.31(3) ns, giving Γ1 = 0.231(2) ns
−1, for the single
DBT molecule used throughout this work.
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